Background: Maternal smoking during pregnancy is associated with increased childhood body mass index (BMI), but the relationship may be due to confounding by maternal factors. This study tested the hypothesis that siblings born to mothers who begin to smoke between pregnancies will have higher BMI than older unexposed siblings. Methods: Maternal details from the Aberdeen Maternity and Neonatal Databank were linked to the Study of Trends in Obesity in North East Scotland which holds offspring BMI at 5 years of age. Change in maternal smoking status between pregnancies was linked to offspring BMI and also to the difference in BMI between siblings. Results: Maternal smoking status in successive pregnancies was linked to child BMI at age 5 years in 6581 motherchild pairs of whom 718 included sibling pars. Children whose mothers had quit, started smoking or smoked in consecutive pregnancies had higher BMI compared with those not exposed to maternal smoking. Siblings born after onset of maternal smoking had higher mean BMI z score (0.19, 95% confidence interval (CI) 0.01, 0.36) compared with unexposed older siblings. Mean BMI z score was also higher by mean of 0.10 (95% CI 0.01, 0.20) in younger sibling compared with older siblings born to mothers who smoked in both pregnancies. BMI z score was not significantly different between siblings whose mothers quit between pregnancies. Conclusions: In utero exposure to maternal smoking during pregnancy may increase the likelihood of increased BMI in childhood.
The prevalence of childhood obesity and overweight has risen over the last 20 years to 30% in the United Kingdom and 50% in the United States, 1 with this rise being called the epidemic of our lifetime. 2 Childhood obesity is a complex condition where genetic factors and environmental exposures during antenatal and postnatal life may contribute towards an 'obesogenic environment'. 1, 3 Maternal smoking during pregnancy has been identified as a potential risk factor for childhood overweight or obesity in at least five systematic reviews, [4] [5] [6] [7] [8] and these observations suggest that maternal smoking increases the odds of child obesity and overweight by between 20% and 50%. In this study, we linked maternal smoking status during pregnancy to offspring BMI at 5 years of age. Within this large dataset, we identified siblings discordant for maternal smoking in pregnancy and tested the hypothesis that siblings born after onset of maternal smoking will have higher BMI compared with older unexposed siblings.
Methods

Study design
This was a linkage study where self-reported smoking status (smoking or not) in pregnant women was linked to their offspring's obesity status and body mass index (BMI) at age 5 years. Details were obtained from the Aberdeen Maternity and Neonatal Databank (AMND) 9 
Maternal details from Aberdeen Maternity and Neonatal Databank
Maternal smoking status between successive pregnancies was categorised as follows: never smoked (i.e. did not smoke in either pregnancy), quit (i.e. smoked in the first but not the second pregnancy), started smoking (i.e. smoked during the second but not the first pregnancy), and always smoked (i.e. smoked in both pregnancies). Separate quit and started smoking categories were included for two reasons: first, the characteristics (including life style factors) for mothers who quit or started smoking between pregnancies are likely to differ; second, for mothers who quit between pregnancies both the older and younger sibling were exposed (the latter as an ova), whereas for mothers who started smoking between pregnancies, only the younger sibling was exposed. The number of cigarettes smoked was not available in our dataset. Socio-economic status was defined by the Carstairs index, which comprises four indicators (lack of car ownership, low occupational social class, overcrowded households, and male unemployment). Mothers who were more than 16-week pregnant at their first antenatal visit were excluded because beyond this gestation maternal weight is not an accurate reflection of pre-pregnancy weight as it also includes the weight of the growing pregnancy. Twin and other multiple pregnancies were excluded. Change in maternal weight between pregnancies was categorised: AE3% was the reference
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: AE3-4.99%; AE5-9.99%; and AE≥10% (5% and 10% changes are 'realistic targets' for weight loss considered to bring health benefits 12 ). Gestational weight gain was not available in our linked dataset.
STONES
The STONES database holds routinely collected height and weight measurements of children assessed between 1970 and 2010 at school entry at an average age of 5.5 years. 10 The International Obesity Task Force (IOTF) criteria for childhood weight categories were used to define obese, overweight, thinness, and healthy weight, 13 and z scores for BMI were derived using the UK 1990 standard. 14 
Statistical analysis
For every mother-child pair, the child weight category (thin, healthy weight, overweight, obese) was related to maternal smoking status (yes/no, i.e. a fixed effect), using multinomial multilevel logistic modelling adjusting for factors which were fixed effects (i.e. child sex, maternal weight category, socio-economic status, parity, maternal age, and birthweight z score). A two-level multivariate model (child level 1, mother level 2) was used to relate the BMI z score of children and changing maternal smoking status between pregnancies adjusting for factors, again all as fixed factor effects. The second analysis was repeated but with difference in BMI z score (younger sibling minus older sibling) as the outcome variable.
Results
Study population
There were 59 975 children in the STONES database where a CHI number was recorded, and maternal and child records were ultimately linked in 26 961 pairs (44%). Reasons for data not being linked are described in the online supplement (Table S1 ). The children for whom BMI was linked to maternal smoking status were representative of the whole STONES population for age, sex, and BMI centile (Table 1) . Within the 26 961 matched mother-child pairs, there were 5863 mothers with >1 linked pregnancies. The prevalence of maternal smoking was 25.8% in 1997 and 20.0% in 2005 (Table S2 ). The mean interval between deliveries was 3.1 (SD 2.3) years; the mean change in maternal weight between pregnancies was +2.3 kg (SD 6.1).
Maternal smoking and child weight categories
Maternal smoking in pregnancy was associated with an increased odds ratio (OR) with 95% CI for childhood obesity (OR 1.8, 95% CI 1.6, 2.1) and overweight (OR 1.5, 95% CI 1.3, 1.6) and reduced OR for offspring being thin (OR 0.7, 95% CI 0.6, 0.8) relative to not smoking in pregnancy (Table S3) .
Change in maternal smoking between pregnancies and offspring outcomes (without sibling comparison)
Childhood obesity
The OR for obesity was increased for children whose mothers started smoking between pregnancy (OR 2.0, 95% CI 1.1, 3.6) or who smoked in both pregnancies (OR 1.8, 95% CI 1.3, 2.6) compared with never smoked, independent of maternal weight, weight gain, socio-economic status, and the child's sex and (Table 2 ). Children whose mothers quit were not at increased risk for obesity compared with those whose mothers never smoked (OR 1.6, 95% CI 1.0, 2.5) ( Table 2) .
Childhood BMI z score
The mean BMI z score was increased among those children whose mothers always smoked (0.32 z score, 95% CI 0.24, 0.40), quit smoking between pregnancies (0.29 z score, 95% CI 0.18, 0.40), and who started smoking between pregnancies (0.22 z score, 95% CI 0.07, 0.36) compared with children whose mothers never smoked (Table 3) . In this analysis, higher child BMI was associated with maternal weight gain between pregnancies of ≥10%, maternal obesity, deprivation, and younger maternal age at delivery (Table 3) .
Change in maternal smoking between pregnancies and offspring outcomes (with sibling comparison)
In the sibling analysis, BMI z score was higher for younger compared with older siblings when their Child normal n = 4960
Odds ratio for child obese n = 270 (95% CI)
Odds ratio for child overweight n = 830 (95% CI)
Odds ratio for child thinness n = 504 (95% CI)
Maternal smoking status Never Table 3 ). Younger siblings also had higher BMI z score in association with deprivation but not with maternal weight status or weight gain between pregnancies (Table 3) .
Comment
This study used linkage of routinely collected data to test the hypothesis that children born after onset of maternal smoking will have higher BMI compared with older unexposed siblings. The initial analysis of more than 25 000 mother-child pairs confirmed previous reports [4] [5] [6] [7] [8] of an association between maternal smoking during pregnancy and an increase in odds ratio of 1.37-1.50 4-7 for overweight and of 1.52 for obesity 8 in the child. Next, we report that compared with peers whose mothers had never smoked while pregnant, children whose mothers had smoked in either or both pregnancies had increased odds for obesity and overweight (Table 2 ) and also had higher BMI (Table 3 ). In the sibling analysis, where genetic and family life style factors are less heterogeneous compared with peer comparison, only children whose mothers smoked while pregnant had increased BMI when compared with unexposed siblings (Table 3) . Our hypothesis might be extended to predict that cessation between pregnancies would be associated with reduced BMI in the younger and unexposed sibling but this was not the case. These findings support the possibility that maternal smoking increases the likelihood of childhood obesity. A weakness of our study was that smoking status was by self-report and only determined at a single point during pregnancy, and this means that there is undoubtedly some exposure misclassification due to under-reporting of maternal smoking. 15 This misclassification could explain why there was apparently no reduction in BMI in the younger child after cessation since their mother may not have truly quit and/or may have relapsed in the pregnancy later meaning that they were exposed, biasing the findings towards the null. Importantly, misclassification will not explain the association between new onset and persistent maternal smoking and increased BMI. Sibling comparison brings a number of strengths and also has some limitations. A strength of the sibling analysis is that genetic and life style factors are less likely to confound associations between disease outcomes and changes in the environment, for example, obesity and onset of maternal smoking. A second strength of sibling analysis is that the effect of both maternal and paternal genes on childhood BMI are considered, although in some cases the mother's partner will have changed between pregnancies. The sib-pair design is also useful for accounting those confounders that are time invariant, but not for those which are time variant (for example, infant feeding). One limitation of the sibling analysis is that there will be some genetic heterogeneity between the sibling pairs, but it is unlikely that genetic variation is consistently different between older and young siblings across the whole population. A second limitation is that the results may not be generalisable to families who have one child.
In summary, our study gives novel insight into the complex relationship between maternal smoking and offspring BMI.
Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Table S1 . Comparison of details of STONES participants attending schools in Moray and not included in the present analysis with all participants. *P < 0.05 compared with whole population. Table S2 . Proportion and number of pregnant mothers who were self-reported smokers in the years [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] , that is, when maternal and child records were linked. Table S3 . Risk of childhood obesity, overweight, and thinness at age 5 relative to maternal smoking during pregnancy. The reference category was children who were not obese, overweight, or thin. The results are from a multinomial, multilevel model to incorporate the sibling and mother relationships. Data from 26 961 children and 20 594 mothers were included.
